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THE EFFECT OF THE DISPOSITION OF BENT UP BARS UPON 


THE WEB RESISTANCE OF REINFORCED CONCRETE BEAMS. 
I. INTRODUCTION 


1. Preliminary: Numerous teats have been made previous to 
those undertaken in this series to determine the effectiveness of 
bent up reinforcing bars in resisting web stresses in reinforced 
concrete beams. The tests by Prof. C. Bach of Stuttgart, on beams 
with bars bent up and hooked, throw considerable light upon the ef- 
fect of such web reinforcement upon the shearing strength of the 
Se aeel. Worle of the former tests, however, were conducted in such a 
manner as to indicate definitely the distribution of the stress a- 
mong and along the inclined bars. With the purpose of obtaining in- 
formation on the distribution of stresses, and on the effect of 
different dispositions of bent up reinforcing bars upon the web 
strength of reinforced concrete beams the tests herein described 


were undertaken. 


2. Scope: Beams were built in duplicate according to twenty 


different designs, making forty beams in all. Owing to the lack of 
time, however, it was found possible to test only twenty five beams 
of the series; this included one of each kind and duplicates of five 
of these beams. 

The tests were intended to furnish information on; (1) The ef- | 
fect of varying the amount of steel bent up; (2) The effect of bend- 
ing up the same amount of steel at different points; (3) The effect | 
| of varying the angle of bend, and (4); The distribution of the 


stress in the steel both along the length of the bars and among the | 
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bars bent up at different places. 
It is believed that the results of these tests will furnish 
some additional information on the effect of bent up bars upon the 
web resistance of reinforced concrete beams. 
3. Formulas: For determining the proper radius of curvature of; 


| bends in the bars at point of bending up the following formula was 


used. 
R= fs 
d 4 fe 
or /R . .(854 f- 
a cc. i) 


| where f, = unit-stress in steel at yield point. 
and f, = unit-stress in concrete in bearing against reinforcing 
bar at yield point of steel. 
R = radius of bend of bar. 
ad = diameter of bar. 

For the largest sized bar used d was . one inch. Using 
| 40000 ib. per sq. in. for the stress in steel at yield-point and 
4000 lb. per sq. in. in the concrete at the same time. | 

R = 7.85 inches. 

The radius of bend at the bottom bends was made 7 inches for 

| all bars. The radius of the bends at the top of the beam and in the | 
hooks at the ends was cut down to 3 inches. It was believed that the 
bars at these latter points would not receive a tensile stress near | 
their ultimate strength. This was borne out by the test results 
which show that at the top of the beam the bars took compression at | 
| the earlier stages of loading and only at loads near the maximum did 
any tension get into them. Consequently at the upper point of Banca 


| and at the ends, where the stress is low in the steel the tendency 
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6 
for the concrete to crush out under the bends is considerably less 
than at the points of bending up from the bottom. 

In figuring the tensile stress in the steel at maximum loads 
tabulated in the summary of tests the following formula was used. 


f= M 
a haa 


Where M is the bending moment in inch-pounds. 
A is the area of steel. 
jd is the arm of resisting couple. 
d is the depth to center of steel, and 
fg is the unit-stress in the steel. 
The shearing stress at the maximum load was computed by the 


formula v= V 
bjd 


Where b is breadth of beam. 


v is shearing unit-stress. 
V is total shear. 
Computation of the compressive stresses using various values of} 
q, (ratio of unit-deformation at load considered, to ultimate unit- | 
deformation) and values of n indicated by the tests of the control 
cylinders show that q must lie somewhere between 0.7 and 1.0 and 
that n must lie between about 8 and 12. 
Computations for Beam 16-B4-1. At the maximum load of 41600 
pounds gave the following extreme range of possible stresses. 
n q fs fo 
Se. ee FA OO 4630 
10 0.8 42200 4220 


12 1.0 43800 3690 
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7 
It is apparent that any computation which may be made will give) 


| a stress in the concrete close to 4000 lb. per sq.in. Since no fail- 

| ures were primarily by compression and because of the uncertainty asl 

| to the proper constants the computed concrete stresses have not been| 
included in the summary of results. For the computations of steel 

| stress n was taken as 10 and q as O.8. 

With the exception of the beams of group 16-B2, the area of the 
| steel used in the beams was close to three square inches, which : 
| gives a value of p (ratio of reinforcement) of .0375. With the 

values of p,given in the table,(n equal to 10 and q as 0.8) values 
for j} and K were computed and for use in figuring the stresses, in- | 


terpolations were made to correspond to the "p" for various cases. 


TABLE I. 
COMPUTED VALUES OF k AND j. 


Value of p Value of k Value of j 


0375 £618 775 
0322 594 784 : 
,0275 569 793 


For this table n = 10 and q = 0.8 
The values of k were obtained by the use of the following for- | 


mula from Bulletin 4 University of Illinois Experiment Station. 


For j the following formula was used, j = 1- 1i-.25q kK 
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II. MATERIALS, TEST SPECIMENS, AND METHODS OF TESTING. 

5. Concrete Materials: The materials used for the concrete 
were obtained in the open market. 
Cement: For the beams and auxiliary specimens Universal Portland 
Cement was used. Table II on the following page shows the results oft 
the briquette tests of the cement. The tests include briquette nade | 
with a 1:3 mortar of Standard sand, and also with a 1:3 mortar of | 
the Attica sand, which was used in the beams. The results indicate 
that a good quality of cement was used. 
Sand: The sand used was a torpedo sand, obtained in the open market 
from near @ttica, Indiana. It was fairly clean and well graded. The | 
results of the sieve analysis are shown in Table III. | 
Gravel: Washed gravel obtained from Attica,Indiana was used. It WAS | 


clean and well graded, passing thru a one inch mesh and being re- 


tained on a i-in. mesh. The sieve analysis is given in Table IV. 
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TABLE IT. 


BRIQUETTE ‘TESTS OF CEMENT, 


Tensile Strength in Pounds per Square Inch.At Age of, | 


7 days 28 days 
1:3 mortar Neat. 1:3 mortar 


Standard Attica Standard Attica 
sand sand sand sand 


Average 


Notes: 
* Poor test not included in the average. 


Each value in the above table is the average of five tests. 
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TABLE III. 


SIEVE ANALYSIS OF SAND. 


Percent Passing Sieve Number. 


Sample 

3 4 8 14 28 48 100 P 

Number (.263) (.185) (.093) (.046) (.0232) (.0116) (.0058) 
1 poem. OF.0 [5.7 42,2 ieee 6.8 EP Sa © 
2 99.4 96.4 76.1 48.2 22.0 9.2 4.0 0 
3 05.6 97.1 76.5 47.5 22,35° 10.5 5.0 0 
4 e858, 96.8 75.2 45.7 19.8 8.0 3.8 0 
is Seah) GIRS. Gleb 43.3 16.7 644 0,2° 
6 99.2 90.7 53.4 29.4 11056 4.8 1,8. © 
is 97.95 94.2, 67.7 Blot 14.2 4.4 el fe) 
8 S860 95.1. 71.5. 4.40.7 16.7 6.2 1.8 0 
9 SG (S08. >, 1540 A650 » 16.7 7.5 5.1 8 
10 O95. 97.1. 1500 44.3 19.3 7.9 2.4 0 
Average 98.6 95.3. 71.4 42.3 16,0 Tal 2.6 fe) 


The sieve openings are of the sizes given in parenthesis under] 


the sieve number. 
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TABLE IV 


SIEVE ANALYSIS OF GRAVEL 


Values are the Average of Five Tests. 


Sample Weight of Percent Passing Screens of Sizes Given. 
Sample 

Number grams Sa aul in. sin .263~in. .185-in. Pan 
1 3000 g7°00.0'° 79.8 45.6 17.8 52 1.5 0 
2 Beoo @. 991 “716 » 59.2 14.0 562 O.2 fe) 
3 Seenries) ST TH .5 55.5, 16.1 6.1 1.4 0 
4 5000; g.. 100;0 70.5 bya ete, ie Or ) 
5 POCO =.  100CQ) 71.5. 30.3 11.3 0.4 fe) 

Average 99.4 72.9 37.2 14.2 4.5 0.84 0 


6. Specimens: The beams were all & in. wide and had a total 
depth of 12 in. The length over all was 10 ft. In all cases the re-| 
inforcement was placed in two layers. The center of the upper layer| 
was 9 1 in. below the top of the beam and the center of the lower | 
layer was 10 3 in. below the top of the beam. Thus the depth to a 
point pokes between the two layers was in all cases 10 in. With | 
the exception of the beams in groups 11 and 12 the area of the steel 
used was nomhally 3 square inches; giving for the percentage of ! 
steel a value of 3.75%. In the beams of groups 11 and 12 the per- | 
centages of steel were lower. Information on the placing of the | 
steel in the beams is given in Table X Summary of Tests. The beams} 


were all made of 1:2:4 concrete with the exception of a small sec- 


tion in the compression area of each beam. This section was made of| 


1:1:2 concrete, and extended horizontally a distance of 27 inches 


om each side of the center line of the beam; vertically it extended| 
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12 | 
to a depth of 4 inches. The purpose of this rich mixture was to pre- 


vent premature compression failure at the center. 
The beams were designed with so large a percentage of steel to | 
insure diagonal tension failure before the failure on the steel in | 


tension. The concrete proved strohger than was expected due probably 


to the thorough mixing obtained and the careful attention given to 


| supplying the correct amount of water. As a result most of the fail-| 


ures were due to exceeding the yield point stress of the steel in 
tension. Reference to table V ‘giving Strengths of Control Cylinders, 
shows the concrete used to be of exceptionally good quality. 

7. Forms: The forms consisted of bottomless wooden boxes set | 
upon the concrete floor on top of a sheet of heavy building paper 
used to prevent adhesion of the beams to the floor. The forms were 


i 


painted to prevent warping and to prevent absorption of water from 


the concrete. 


8. Fabrication: The steel was first bent to the proper shape,| 

| then fastened to the sides of the forms by means of staples and 
wires. Corks were fastened to the sides of the forms at the proper 
positions for the gage lines, and the outside bars were held in 
place by attaching them to the side forms in order to insure their 
remaining in contact with the corks while the concrete was being 


placed. The inner bars in the bottom layer were set on small strips | 


of wood. Strips of wood placed across the bottom layer held the bars 


of the upper layer in place during concreting. 


The concrete was mixed in a "Wonder" mixer with a capacity of 


7 cu. ft. After first being mixed in the machine mixer, the concret 


| of four consecutive batches was dumped on the floor and mixed peford 
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Beam 


Number 


16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 


B3-1 
B5-1 
B5-1 
B5-1 
B7-t 
BS-j 
B9= 1 
Bg-1 
Bio-1 
B10-1 
Bi2-1 
B13-1 
Bi5-t 
Bi5=1 
Bl6-1 
Bl6-1 
BI7-1 
Bi7-1 
B13-1 
Bi9-1 
Big-1 


Average 


TABLE VI 


TENSION TESTS OF STEEL FROM BEAMS 

Diameter Yield-Point Ultimate Elongation Reduction 

Stress Strength an So in. of Area 

in. ipb.pervsd.in. lboiper'sq.in. Percent Percent 

‘Bye 40 9009 63 000 28. 54,8 

1005 42 700 
Ort 100 
oO 16 700 
«875 400 
.880 309 
.876 409 
2876 509 
pO 07 700 
.878 000 
.878 500 
none 7090 
ni yatd 800 
OTD 090 
O60 
800 
200 
499 
600 
900 
900 
TOO 
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TABLE VI. Continued. 


Beam Diameter Yield-Point Ultimate Llongation Reduction 
Stress Strength in 1 ee. of Area 

Number aol lb.per sd.in. lb.per sq.in. Percent Percent 

i@-Bi4-1 1.010 39 900 48 300 ae 68. 

16 Bl4-1 998 000 400 60. 

Average 500 5 3550 

16 B4-1 ‘ 800 300 

16 B4-1 : 200 400 

16 Bo-1 : 800 190 

16 B7-1 : 909 400 


16 B7-1 ° 950 900 


| Average 500 


16 B2-1 700 
16 B2-1 : 300 
16 B6-1 : 1 400 
Average od 600 
16 Bli-1 900 
16 Bli-1 900 
16 Bi2-1 : 800 
16 Bl2-1 : 800 
16 Bi3-1 P 300 
16 B135-1 é 000 


Average 000 


*Square bars; all others round. 
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being placed in the forms. From each four batches mixed thus two 
beams, always of different groups, were made. The concrete was 
placed around the bars and tamped; then the forms were filled in 
layers of about four inches, the concrete being continually tamped | 
| and spaded to insure a good dense concrete and to prevent honeycomb- 
ing. : 
9. Control Specimens: In addition to the beams, 4 cylinders 
were made with each beam, two 6 by 12-in. cylinders of the 1:1:2 
| concrete were made, and two 8 by 16-1n. cylinders of the 1:2:4 con- | 
| crete. One of each of these two sizes was stored with the beam, the | 
other two in the moist-roon. 
10. Storage: The forms were removed from the beams at the 
| end of seven days. Then the beams and the accompanying cylinders 
were stored under burlap, which was wetted down two or three times 
a day, until within a week or ten days of the time for testing. 
| After removing the marian the sides of the beams were whitewashed, 
the gage holes were drilled, and the — were hauled to the test- | 
ing laboratory for the test. | 
11. Testing: The tests were made in a four-screw Olsen test- | 
ing machine having a capacity of 100 000 lb. on the wings designed 
to carry test beams. With the exception of the cases mentioned unde 
"Notes on Tests" the load was applied with a speed of the emoudoadl 
of .04 in. per minute. The general method of transmitting the load | 
from the cross-head to the beams may be seen by referring to the 


photographs. The test span, center to center of bearings, was 9 ft. | 


/6 in. The distance between load-points was 18 in., leaving 4 ft. 


| from the load-point to support; thus giving the same bending moment | 
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19% 
as a beam with a span of 12 feet loaded at the one-third points.With} 


this condition of loading the yield-point stress in the steel was 
reached in most cases without complete failure of the beam having 


occurred. In all but a few cases, as soon as the maximum load was 


reached the test was discontinued and then with the load-points mov- | 


ed 12 in. nearer the supports the load was re-applied. This reduced 
the moment for a given load to three fourths of its former value anal 
allowed the development of greater shear. 

Beams16 B20-1 and 16 B20-2 both failed completely in diagonal 
tension before reaching the yield-point of the steel. A second test 
lwas made on Beam 16 B20-1 by placing the supports 6 ft. apart and the 
loads 2 ft. from the supports, or at the one-third points of the 
ispan. Most of the tests of previous series at the University of I1ll- 
inois investigating diagonal tension have been made on beams of 6-ft| 
span loaded at the one-third points. The second test of Beam 16 B20- 
therefore, gives a basis for comparing certain of these tests with 
those of previous series. 

Usually the load was applied in increments of 10 000 pounds; 
wherever this was not possible a smaller increment was used. Strain 
gage readings were taken on gage lines located as shown in the di- 
agrams, Fig.3a to 24aand in the photographs 34 to 36. The strain gage 
used for most of the tests is a special form of the Berry strain 
gage. The instrument is of Invar steel and showed very little change 
in length due to temperature variations; its gage length was 4 in. 
jand its multiplication ratio is five. On some of the tests an alumi-| 
jnum instrument of the same type but with a multiplication ratio of 
|7 1 was used. All beams were tested at an age of 60 days, or as 


2 
nearly so as possible. 
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12. Tests of Control Specimens: The compressive strength 
tests of the control cylinders, and the tensile strength of the rein 
forcing steel are given in Tables V and VI. Stress-strain diagrams 


|for the control cylinders are given in Fig. 1 and 2. 
III. EXPERIMENTAL DATA AND DISCUSSION. 


13. Reduction of Data: In reducing the strain gage readings 
the method used regularly by the University of Illinois Engineering 
Experiment Station was used. A detailed description of the method 
|for reducing strain gage data can be obtained by referring to Bull- | 
etin 64 of the University of Illinois Engineering Experiment Station 


\"Tests of Reinforced Concrete Buildings Under Load" by Prof. A. N. 


|Talbot and Prof. W. A. Slater. 


14. Explanation of Drawings: Fig. 3a to 24a show to a scale of | 


{ in. = 10 in. the location of the gage lines. Sketches in Table X. 


show the disposition of the steel in the beams. The cross section 
! 


shows the lateral position of the steel, while the side views show 
the locations of the points of bending up of bars. These sketches 
also show the positions of the load-points and the supports. 


15. Explanation of Tables: The tables giving the results of 


the tension tests of the cement briquettes, tension tests of the 

steel, mechanical analysis of the sand, mechanical analysis of the 
gravel, the compression tests of the cylinders are self ss lane o ae 
The table giving the summary of the beam tests is intended to con- | 


} dense the results of the tests in so far as possible. Values of the 


| maximun shearing unit-stress, and the maximum tensile unit-stress 


) . : p : . | 
are given opposite the drawings showing the manner of reinforcing tly; 
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beams. These values are given for both conditions of loading, that 


is, with the load points 18 in. apart and with the load points 3 ft. 


6 in. apart. This arrangement allows an easy comparison of the load | 


carried by beams with different disposition of reinforcement. Other 


tables such as the one giving possible ranges of values of compress- 


ive unit-stress, likewise need no explanation. 


16. Explanation of Diagrams: The diagrams, Fig. 3b to 24b are 


load-deformation diagrams for each gage line of each individual beam 


Wherever gage lines on opposite sides and opposite ends of the beam 


are in similar position with respect to the vertical center line,the 


corresponding load-deformation diagrams are plotted from the same 


vertical axis but at different heights on the page; this affords a 


convenient method for comparing the deformations at corresponding 


points on the beam. Whenever the gage lines are not in similar pos- | 


itions on the beam the curves are plotted from different vertical 


axes. 


17. Explanation of Photographs: The photographs, Fig. 26 to 33] 


will give some information on the manner of failure of each of the 


beams, and the extent to which cracks had developed at the time of 


failure. Fig. 25 shows the manner of applying the load to the beams.| 


Fig. 26 to 33 inclusive show the beams at the time of failure. In 


Fig. 34 to 36 inclusive the cracks have been marked plainly on the 


beams, together with the height of these cracks at various stages o 


loading. 


18. Notes on Tests: Beam 16 Bi-1. At 6Q00 lb. no cracks wer 


} as yet visible. At 14 000 lb. several small vertical cracks had app-|| 


| eared all within 24 in. of the center line. The largest of these was| 
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22 | 
on the west side 23 in. north of center and extended to a height of | 
4 in. At 20 000 pounds nothing important had as yet developed. 
Small tension cracks were becoming more numerous. At 26 200 pounds 
all cracks were advancing but inclining somewhat towards load-points 
At 32 000 pounds the load was on and all strain gage readings had | 
been taken with the exception of 131 when failure occurred at the 
north end by a diagonal tension crack opening up from north saceanel 
to load point. As the failure occurred the stress in the steel at 
the center fell off from 32 000 pounds per square inch to 17 000 
pounds per square inch. The failure was rapid but not instentaneous. 

Beam 16 Bi-2. at 10 000 pounds no cracks were visible. At 
20 000 pounds numerous small tension cracks appeared thruout the 
length. Most important crack on west side was a small diagonal ten- | 
sion crack 18 inches south of center; On the east side one important} 
crack had appeared 27 inches south of center; this crack extended 
vertically to a height of 4 inches, then diagonally towards load 
point for 4 inches more at an angle of about 45 degrees. At 28 800 
pounds failure occurred suddenly but not instantaneously, by the 
formation of a diagonal tension crack which was followed by stripp- 
ing along bars. This crack first appeared 37 inches south of center || 
and extended towards load points. 

Beam 16 B2-1. At 4200 pounds no cracks were noticeable. At 
8000 pounds two diagonal tension cracks had appeared on the west 
side of the beam 26 inches and 35 inches north of the center line. 
Both of these cracks were inclined at an angle of about 75 degrees 
after passing the horizontal steel. At 12 000 pounds the cracks pre4 


| viously noted had advanced slightly and another appeared on the west 
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25 
side 16 inches south of center. This crack inclined towards load 
| points at an angle of about 75 degrees. At 16 000 pounds further de- 
ivelopment of cracks already noted was slight. A new diagonal crack | 
38 inches south of center on the west side of the beam inclined at 
75 degrees and extended to a height of 5 inches. A similar crack 
| occurred on the east side 39 inches south of center and inclined at 
60 degrees to a height of 6 inches. At 20 000 pounds a new diagonal 
|crack nad opened up to a height of 7 inches; this crack appeared on 
the west side 33 inches south of center and inclined at 45 degrees. 
The crack at 38 inches south of center was stationary. Similar new 
crack on east side 33 inches south of center. At 24 000 pounds new 
| cracks had formed at 45 degrees and joined to the old cracks which 
| had flattened out considerably and extended towards load points. 
Beam 16 B3-1. At 10 000 pounds several vertical cracks 3 to 4 | 
inches high were found all within 20 inches of the center. At 15 ooo} 
pounds diagonal cracks had appeared outside the points of bending up} 
of bars; these crakks extended to a height of about 6 inches and 
| were inclined at an angle of about 65 degrees. At 20 000 pounds 
cracks were becoming more numerous. The cracks were more general andj 
further developed than in beam 16 B5-1 at the same load. No marked 
| change in cracks and no very large cracks at 25 000 pounds load. At | 
30 050 pounds diagonal cracks had developed still further, snedinnne| 
more towards load points. More diagonal cracks were in evidence at 
north end of beam but beginning to develop rapidly at the south as 
| well. The tension cracks at the center were practically stationary. 
| At 35 000 pounds the diagonal cracks towards end of beam, (north end 


|in particular) were inclining more towards load points at a flat 
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angle. At 39 300 pounds the load was going on very slowly and it was | 
noticeable that the stress in the upper layer of bars was increasing 
eter than that in the lower layer. No reason for this was apparent 
At 39 500 pounds the load fell off and examination showed slipping ; 
| of bars of about i _ of an inch in upper gage hole of gage line 222. | 
At 39 700 pounds mae load again fell off due to continued slipping 
at the above point, and slipping at gage hole 122. Crack 8 inches} 
|from north support, and inclined directly to support was rapidly 
| opening up. The maximum load was 39 700 pounds. Failure was due to 
insufficient bond or anchorage of the inclined bars, the bars slipp-} 
ing and allowing diagonal tension failure, It was principally in tne 
second bar from the north end that slip occurred. 
Beam 16 B3-2. At 10 000 pounds a few small tension cracks. from 
1 to 2 inches high had appeared. All of these were within 24 inches : 
of the center line. At 20 900 pounds the most noticeable crack was at 


diagonal tension crack just outside gage line 332. It extended ver- 


tically to the horizontal steel then inclined at an angle of 45 de- 


grees for about 6 inches. On the east side of the beam diagonal ten-| 


sion cracks had appeared just outside point of bending up of bars. 
The worst one was 15 inches north of south support extending diag- 

| onally across gage line 121. Similar crack ab north end but not so 
well developed. At 30 000 pounds diagonal tension cracks were be- 
coming more numerous. Tension cracks at the center were practically 
stationary. On the west side of the beam a large diagonal tension 

| crack opened up just inside of south gage hole of 431 and extended 

| diagonally to gage line 422. At the south end of the beam the most 


| {. 
|}evident crack was one previously noted at 20 000 pounds as just out-] 
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side gage line 332; This crack opened up considerably. On the east 


side of the beam the same general tendencies of cracks were noticed 

| as on the west side. The most noticeable cracks were one thru gage 
line 121 at the gouth end, inclined at an angle of 45 degrees to 

| within 4 inches of the top. Another starting at gage line 131 and 
extending diagonally to within 4 inches of the top at an angle of 

| about 60 degrees. At 35 000 pounds the most noticeable development 
was on the west side of the beam near the south end where diagonal 
tension crack noted at 20 000 and 30 000 had spread out along the 
horizontal steel for about 3 inches. On the east side cracks had de-| 
veloped at the north end along the inclined bar from gage line 231 
to 221. No similar cracks at south end. On the west side at the 


south end a crack was noticeable along the inclined bar from gage 


lines 331-3521. There was no similar crack at the north end. At 42 10M 
| pounds there was an extension of diagonal tension cracks nearest the 
ends crossing gage lines 121, 221, and 331. Deformation in lower | 
bars at the center was increasing less rapidly than in upper bars 
(same as was observed in the case of beam 16 B3-1). Along aiheonatl 
bar a crack appeared from south gage hole of 431 to south gage hole | 
of 421. This apparently is the maximum load with the load points 9 
inches from the center on each side of the center line. The load was 
then removed and the load points moved to positions one foot nearer |! 
the supports. Load was re-applied with high speed up to 42 000 


pounds, then with high speed lever and friction cluthh engaged. 


Maximum load came while running on this rather high speed at a load | 


| of 44 600 pounds. Failure was at south end by diagonal tension which 


| seems to have been caused by slipping at end of bent up bar on whic 
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26 | 
| gage lines 131 and 121 were located. The principal crack was across 
the center of gage line 121. 

Beam 16 B4-1, At a load of 10 000 pounds there wereno cracks. . 
| At 20 000 pounds a few tension cracks,generally small, had appeared 
| scattered along the length of the beam on both sides. At 30 900 
| pounds the most noticeable crack was a vertical crack outside the 
last bend on the east side, north end extending to a height of al- 


most 6 inches. At 40 000 pounds the steel at the center had passed 


| the yield-point at gage lines 161 and 361. A @iagonal crack was ad- 


vancing from a tension crack at 342. The total crack was about 10 
inches long. Upper part of crack made an angle of about 50 degrees 
with the horizontal. Cracks in general were advancing from previous 
| cracks and opening up slowly. At 41 600 pounds the steel had not 

| passed the yield-point in any of the gage lines at the first and 
second points of bending up of bars. Scaling of steel was noticed 
in both layers of bars at the center of the span. Initial failure 
was entirely by tension at the center. Diagonal tension cracks be- 
Binning to develop more extensively especially from the tension 
cracks at the points of bending up bars. After this load had been 
reached the load fell off to 38 500 pounds in about 3 minutes. The 
load was then removed and the load points moved one foot nearer the | 
supports. At 49 500 pounds the steel had passed the yield-point at : 
gage lines 141 and 241 and at 342 and 442. Diagonal tension cracks 
were developing but they were not extensive enough to be responsible 
for failure. Load was going on very slowly. At 53 000 pounds very : 
| large cracks were present under both load points. Both cracks in- 


| clined about 70 degrees with the horizontal and sloped away from 
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load points. The south end developed compression at load point fin- 
nally, but both failures were primarily tension failures. This was 
an exceedingly tough beam holding load near maximum for some time. 
Beam 16 B5-1. At 10 000 pounds the small tension cracks dis- 
|tributed over the central portions of the beam were all that were in| 


evidence. At 20 000 pounds cracks opened up to gage holes at gage 


| lines 32, 42, 34, and 44. At 30 400 pounds there seems to be a diff-| 


erence of cracks on the opposite sides of the beam as shown in 
sketch on page . On the west side 31 inches south of center there 
was a crack 8 inches high at an angle of 45 degrees. At 35 100 
pounds there were few new cracks,but mainly continuation: of old ones 
| Failure occurred by tension in steel at center. The load was allowed 
|to remain on all night. At 7:30 in the morning the load had fallen 
off to 34 150 pounds. The load points were shifted one foot nearer | 
to the supports and the load re-applied. This brought the load 
points just outside the first point of bending up of bars. The max- 
imum load with the load points in this position was 52 800 pounds. 
Failure apparently was due to failure of steel in tension in bottom 
layer of bars just outside first point of bending up of bars. 

Beam 16 B6-1,. At 10 000 pounds only small tension cracks were 
noticeable at central portion of beam. One diagonal crack developed 
to a height of about 5 inches at an angle of 60 degrees with the 
horizontal, and crossing gage line 442. At 20 000 pounds the princi-} 
pal cracks of importance were tension cracks although small diagonal 
cracks had appeared, two on the east side 18 inches and 22 inches 
| north of center line and inclined at an angle of 65 degrees with the] 


horizontal and extending to a height of about 5 inches; one on the 
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west side across gage line 432, inclined at an angle of 75 degrees 
and extending to a height of about 5 inches. At 30 000 pounds the 
small tension cracks had become generally distributed thruout the 
length of the beam; some of them branching off into diagonal cracks. | 
\New diagonal tension crack across gage line 231 extended to a height | 
lof about 6 inches. Similar crack across 441 at an angle of 60 degree} 
ieetonded 7 inches high. Large diagonal crack at 45 degrees crossing 
lgage lines 132 and 142 extended to a height of about 8 inches. At 
140 000 pounds nothing new of much importance except that diagonal 
cracks as previously noted had extended considerably. The most exten4 
sive advance was in crack crossing gage line 142 which had opened to 
la width of about .02 inch. At a load of 40 700 vounds the maximum 
load was reached, and was due to the failure of the steel at center. 
The crack across 142 had opened extensively though and probably was 
a contributing cause. The load fell off at this point to 37 400 
pounds in a few minutes. The load points were then moved to a point 
one foot nearer the supports, and the load was re-applied. A maximum | 
was reached at 54 500 pounds, failure occurring by tension in the 
Isteel just outside bent-up bars nearest the center. At gage hole 142] 
this crack was particularly evident. 

Beam 16 B7-1. At 10 000 pounds no cracks were evident. At 
20 009 pounds cracks were found on the west side of the beam vetween| 
|jgage lines 42 and 41 at both ends; these cracks had developed to a 
Iheight of about 8 inches. Cracks thru gage lines 42; cracks less 
|prominent on the east side than on the west. At 30 000 pounds a prom+ 
jinent crack appeared at gage line 242, starting out at an angle of 


Jabout 45 degrees and flattening out to about 20 degrees at the top. 
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29 
At 40 000 pounds the prominent crack previously noted at 242 had ex- | 
tended to the load point. The steel had passed the yield point in 
gage lines 161, 242, 361, and 341, but the deformation was largest 
in 242. At 42 200 pounds the maximum load was reached. The cracks 
jhad about the same appearance as at 40 000 but the deformation was 
lnow larger in 161 than 242. The failure was evidently by tension, 
though diagonal tension may have been a contributing factor. From 
the development of the crack from 242 to load point, this last method 
of failure seems quite a likely one. The load points were then moved 
out one foot and the load re-applied; a maximum was reached at 56400] 
pounds. Failure by compression began just inside north load point. 


No very large tension cracks were present. Diagonal tension cracks 


were most prominent, but still the yield point of the steel had been 


passed in gage lines 432 and 442, The deformation at 432 was higher 
lthan at 442 probably because 432 was crossed by a diagonal tension 
crack. 

Beam 16 B8-1. First noteworthy cracks appeared at a load of 
20 000 pounds. These were merely small tension cracks, the largest 
ones being just outside the first points of bending up of bars. At 
30 000 pounds the previous tension cracks were advancing slightly 
and developing into diagonal tension cracks. The average height of 
these was about 8 inches and their angle about 70 degrees. The ten- 
Sion cracks at the center were advancing very slowly. At 40 000 
jpounds a crack began spreading along the bent up bar at gage line 
}242, and a diagonal tension crack advanced from this point toward 
load point to within 3 inches of the top of the beam. General ad- 


vance of diagonal tension cracks occurred on both sides of the beam 
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30 
the angle of the crack flattening,and the crack advancing towards the 
load points. During the test the load fell off to 37 400 pounds,and 
from there on took load very slowly. At 40 800 pounds the maximun 
load was reached. Failure was by tension in the steel at the center 
of the span. The load points were then moved to a point one foot 
nearer the supports. After passing 52 000 pounds the beam began to 
take load more slowly. This beam held a load near the maximum for 
some time, showing considerable toughness. This failure too was due 
to failure of the steel in tension, but this time the failure occurr4 
ed just outside the points of bending up of bars nearest the Genter | 
Indications of crushing appeared just inside new load-point at north| 
end of beam. 

Beam 16 B9-1. At 10 000 pounds only one small vertical crack 
had appeared. At 20 000 pounds several small tension cracks were 
found at the center. A pronounced crack had appeared on the west 
side 19 inches north of support and a similar one at the north end 
of the beam. On the east side similar cracks were in evidence, but 
they were much less pronounced. At 30 000 pounds the cracks near the] 
ends were more prominent on the west side than on the east side. Thig 
was probably due to the fact that the distance from the support to 
the first bend on the west side was 23 inches, while on the east 
side it is 17 inches. At 32 900 pounds the load fell off suddenly 
land a large crack appeared about 10 inches north of south support; 
this crack extended to a height of about 9 inches and inclined at an| 
j angle of ahout 60 degrees with the horizontal. At 40 000 pounds the 
heaata point of the steel was reached at the center. At 41 000 roance ll 
la diagonal crack opened up on the east side 19 inches north of cen- 


ter and inclined at an angle of 45 degrees. At 41 900 pounds the _ 
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maximum load was reached. Primary failure was by tension at center 


of span at about 41 900 pounds. Failure was followed by compression 
failure at about 41 900 pounds. Failure in tension near south end 
outside of points of bending up of bars, must have been imminent 
judging from the size of the cracks. 

Beam 16 B10-1. Ata load of 10 600 pounds cracks of an unusual} 
nature parallel to the direction of the bent up reinforcing bars 
were found. One extending from the north zage hole of 441 along the 
inclined bar to the lower gage hole of 431. A similar crack was 
found from 341 to 331. At 20 000 pounds the cracks above noted had 
continued along gage lines 131, 231, 331, and 431. The crack from 
131 to 141 had just appeared at this load. At 30 000 pounds the 
cracks outside of the bent up bars had become prominent generally. 
Those particularly noticeable were one 16 inches north of south sup- | 
port and one 8 inches south of north support on the east side. On | 
the west side the general tendencies were the same as on the east 
Side, the large cracks were in approximately the same position rel- 
ative to the support, the only difference being that they were less 
pronounced. The cracks at the south end were almost vertical while 
those at the north end were inclined at an angle of about 50 degrees | 
with the horizontal. At 36 300 pounds failure occurred apparently by | 
tension in the reinforcment outside of the point of bending up of 


bars at the north end. Along with the tension failure diagonal cracls 


opened and became the most pronounced cracks in the beam; the openi : 


jof the diagonal cracks and stripping of bars occurred along the hor- 
/izontal position in the top of the beam close to the north end. 


‘Cracks also followed around the U hooks of the thru bars. 
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Beam 16 B11i-1. On the west side of the beam about the quarter 
| point on the south end the concrete had not filled out well against 
the form, leaving large openings around the bars. At 13 400 pounds 
{few cracks were visible. At 20 000 pounds on the east side at the 
north end of the beam a prominent crack had appeared; it started 12| 
inches south of north support and extended diagonally at an angle of | 
60 degrees to a height of about 7 inches. Numerous small tension 
cracks were in evidence. At 30. 000 pounds the stress in the steel at} 
|gage hole 161 was 36 000 pounds per square inch; in 361 it was 43300} 
|pounds per square inch. There was general but slignt advance of ten- 
Sion cracks. At 35 100 pounds it was evident that the maximum load 
was near, for the beam was taking load very slowly and at gage lines | 
161 and 361 the indicated stress was 73 500 and 8& 800 pounds ver | 
| square inch respectively, indicating that the steel there had passed 
the yield-point. The load had fallen off to 53 000 pounds. At 35 100] 
the maximum load was reached. Failure before additional load ws an-| 
plied was due to failure of the steel bn tension at the center. The | 
load-points were moved one foot nearer to the supports, and the load| 
re-applied. With this new addi tion of Loading failure occurred at 
48 850 pounds. At this load the strain gage readings showed high 
stress in the steel at gage lines 141, 142, and 133. At 341 the in- 
dicated stress was 94 000 pounds per square inch. While it is not 
possible that any such stress existed there, the indication is that | 


the steel there had passed the field-point. The steel at 441 had 


{also passed the yield-point for the deformation here had passed the 


range of the instrument. A possible explanation for the steel stress|} 


|being higher on the west side than on the east side lies in the 
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poor quality of the concrete around the bars on the west side. The 
honey-combed nature of the concrete probably forced the steel to 
take most of the stress from a very low stage of loading. This fail-| 
jure was evidently due to tension failure of steel at gage lines 341 
and 441, The tension failure was followed by crushing of the con- 
crete at the top. 

Beam 16 B12-1, At 10 000 pounds comparatively few cracks had 
appeared. Most of these were small tension cracks. One small diag- 
onal tension crack had appeared and extended from gage line 141 to 
| Sage line 132. At 20 100 pounds several small diagonal tension 

cracks had apaoeead! but none had developed to a serious extent. At 
39 900 pounds a diagonal tension crack opened up 35 inches south of 
;center, inclined at 70 degrees and extended to a height of 9 inches | 
Cracks were well distributed and ore nearly vertical than usual. 
None of the cracks seemedtobe opening up to any great extent. At 
135 §00 pounds at north éna of beam, 7 inches south of support, a 
large diagonal crack developed, inclined at 60 degrees and extended 
|across inclined bars. At 36 700 pounds the maximum load was reached | 
with the load points 18 inches apart. Failure was due to tension in 
steel at the center. Scaling of bars was noticed at gage lines 161, 
361, and 162. In a few minutes the load had fallen off to 34 300 
pounds. The load points were moved out one foot and the load re- 
;applied. At 45 000 pounds the stress in the steel at gage line 131 
was 35 090 pounds per square inch. A crack about 9 inches high had 
| suddenly appeared 35 inches south of center, thru south gage hole of| 
fedee line 131. At a load of 45 100 pounds the load was going on very | 


‘Slowly. From the appearance of the crack 35 inches south of center 
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the steel at that point must have passed the yield point. Maximun 
fea was reached at 46 700 pounds. Failure was due to tension at 
center and probably tension failure at large crack at south end. 
| Crushing of concrete followed. 
| Beam 16 B13-1. At 10 200 pounds no cracks were visible. At 
1/20 100 pounds most of the cracks which had developed were vertical 
tension cracks which ranged in height from 3 inches to 6 inches.The 
largest of those on the west side crossed gage line 441. There was 
Penetier crack at 341. On the east side the same general tendencies 
|were noted with the exception that the crack across 141 had develop-| 
|ed into a diagonal tension crack inclined at an angle of 45 degrees, 
and extending to a height of 5 inches. At 30 900 pounds the vertical| 
cracks were becoming larger. Most noticeable cracks extend across 
| gage lines 42, The previously noted tension cracks were starting to | 
extend diagonally towards the load points. One diagonal tension 
erack opened up from gage line 431 at an angle of 350 degrees. At | 
| 38 600 pounds the yield point of the steel at the center had been iT 
|passed. Scaling of bars was noticed at gage line 361. The steel at 
the second point of bends was either past or close to the yield 
point. At 40 600 pounds the maximum load had been reached. The ten- 
sion crack at the center had opened up to a width of about .04 in- 
ches. The steel had passed the yield point at the second points of|| 
bending up. Failure was by tension in the steel at the center. At 
| the gage lines 42 tension failure had probably occurred also. The 
tension failure was followed by crushing in concrete. 
| Beam 16 B13-2. At 10 000 pounds a few small tension cracks naall 


| appeared within the central portion of the beam. At 20 000 pounds a : 
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35 
number of vertical cracks ranging from 5 to 6 inches in height open-j| 


ed up on both sides of the beam. Small diagonal tension cracks app- 
eared on both sides of the beam, all within 35 inches of the center. 
The most noticeable was one crossing gage lines 341 and 3352 at an 
angle of 60 degrees; this crack extended to a height of 6 inches. At 
30 000 pounds the vertical cracks had extended somewhat and those 
outside the load points were inclining towards the load points.Most 
noticeable crack was 18 inches north of south support where crack in 
clined at an angle of 70 degrees extended to within 4 inches of the 
top. At 39 700 pounds the steel at the center had passed the yield 
point. Two new cracks inclined at about 60 degrees had appeared just 
outside of bends (gage lines 341, 441). On the east side a large 
crack inclined at an angle of 70 degrees with the horizontal, ex- 
tended to gage line 132, and after crossing the bar continued at an 
angle of about 25 degrees to within 3 inches of the load point. At 
490 100 pounds the maximum-load was reached. Failure was due to ten- 
sion in steel at center; there was a high stress in the steel at’ 
gage line 341 which may have been a contributing cause of failure. 
The load points were then moved one foot nearer to the supports and 
the load re-applied. At 51 600 pounds the maximum load was reached, 
failure due to tension in steel outside bends at 442 and 441 judging 
from the appearance of the cracks. A large vertical crack extended 
vertically to gage line 432 and then out along the bar. The vertical 
crack just outside gage line 442 had opened to a width of about .05 
inch. Following the tension failure at gage line 431 a diagonal 


}crack extended at an angle of 350 degrees and flattened out to load 


point. Crushing of conceete followed just outside of load point. 
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Beam 16 B14-1, At 10 000 pounds only four cracks were found 
and these were within 30 inches of the center. All were tension 
leracks and the largest was only four inches high. At 20 000 pounds 
numerous tension cracks were in evidence thruout the length of the 
beam. Three of the four cracks mentioned at 10 000 pounds had devel- 
oped into diagonal tension cracks inclined at an angle of 60 degrees | 
and extending to a height of about & inches. On the west side one 
crack near the south end turned away from the load point and along 
the inclined bar. At 30 000 pounds an important crack appeared on 
the east side 10 inches from the north support. This extended verti- 
cally to the steel then at 40 degrees with the horizontal above the 
bar and to within 4 inches of the top. Similar cracks were noticed 
{at the other end of the beam and on the opposite side. Up to 37 800 
pounds load the beam had been taking load regularly, but here the 
load fell off. Cracks were found at the north end on east side as 
shown on drawing locating gage lines. Indications were that no slip-| 
ping at the end of bar (gage line 221; 231) had taken place. The 


yield point of the steel had been passed at 231. The load fell off 


here to 54 600 pounds in a few minutes. On re-applying the load the 


beam took the load slowly (using fast speed of the machine) up toa 
load of 39 200; with the slow speed of the machine the load went on | 
| so slowly that the tension cracks at the center were opening up con-|| 
siderably. Failure at this loed was due to tension at center, and 
| just outside bends. The load points were then moved out one foot 
towards the supports. The largest cracks at the center did not close} 
| Up appreciably. Upon re-applying the load no marked change in the 


| cracks was noticed until the maximum load was reached. The failure 
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oe 
occurred suddenly by cracks nearly horizontal opening up near the 
north end; this was accompanied by cracks around the loop opening 
up and permitting complete failure. Failure at this load was due to 
tension at center and outside of bends accompanied by diagonal ten- 
sion and splitting around the hook at the north end. 

Beam 16 B15-1. At 10 000 pounds only two vertical tension 
cracks were found; both on west side and each were 22 inches from 
lhe center and 5 inches high. At 20 000 pounds two new cracks were 
|found on west side 32 inches and 31 inches respectively from the cen 
|ter inclined at an angle of 60 degrees, and extending to a height 
of 8 inches, Cracks were beginning to become more generally distrib- 
uted. On the east side of the beam two cracks similar to those on 
the west side were found. At 24 000 pounds the four cracks noted at 
{20 000 pounds had begun to open slightly and flatten load points. al 


jnew crack appeared on the west side 8 inches from the north support, 


inclined at an angle of 50 degrees to within 2 inches of the top. 
Similar crack occurred at fhe south end but not so extensively devel4 
oped. At 36 000 pounds slip of bar was noticed at gage hole 421 and 
221. At 40 000 pounds the new cracks noted at 24 000 pounds had flat: 
tened to about 25 degrees and extended towards load points. The one 
at the north end had opened up appreciably and extended to the top 
of the beam. The load fell off to 37 400 pounds in a few minutes. 
Upon re-application of the load slip was noticed at 422 and 222. Max 
imum load was reached at 41 000 pounds. Failure occurred due to ten-| 
\sion failure near end. This was closely followed by diagonal tension| 
| failure and splitting around hook. : 


Beam 16 B16-1, At 10 900 pounds only one small crack was found | 
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30 
a@ little north of gage hole 161. At 20 100 pounds the most prominent 
cracks were about 6 inches high, and appeared between the first and | 
second bends; these cracks were nearly vertical, but at the top in- 
clined slightly towards the load points. A vertical crack extended 
up to the south gage hole of gage line 432 and from there inclined 
along the bar for 2 i inches. At 30 000 pounds long cracks had devel 
oped at the outer ue hole of gage line 131 and 231, inclined at eal 
langle of about 75 degrees with the horizontal. Fairly large cracks 
had appeared between gage lines 232 and 242. The crack noted at 
20 100 pounds as running along the inclined bar had now extended to 
the north gage hole of 432. At 355 000 pounds there were no marked 
changes in the appearance of the cracks, and the steel at the center 
was not stressed beyond its yield point. At 40 000 pounds the high- 
lest stresses about 46 000 lb. ver sq. in. were outside the load 
points at gage lines 141 and 342. At 44 600 pounds the beam had 
reached its maximum load. The largest steel deformations had shifted | 
from outside the load points to the center of the beam. No cracks 
had appeared outside of gage line 1351, 231, 351, and 4351. Failure 
was due to tension in steel at center. The steel at gage line 141 
and 342 also near the yield point. Evidence of crushing following 
the tension failure appeared on the east side at the center, and < 
bove gage lines 332 and 342. These evidences of crushing did not 
pear until after the machine had been stopped. The load fell off 


40 200 pounds at this stage in a few minutes. The load points were 


shifted to a position one foot nearer the supports and the load re- 


| 
applied. Load was carried up to 51 600 pounds when failure occurred 


apparently by tension in steel between first and second point of 
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bending up of bars. This was accompanied by crushing just outside 


the north load point. 


Beam 16 Bi7-1. At 10 000 pounds no cracks had appeared. At 


,20 000 pounds the only cracks worthy of note were those about 30 in-| 


ches from each end on both sides. These cracks were vertical and ex- 


jtended to a height of about 6 inches. At 30 200 pounds strain gage 


readings showed high stress in the steel at the south end. At 35 900! 


the largest vertical cracks were about 15 inches and 39 inches res- 


pectively from the north end. Diagonal crack: had appeared at the 


south end, and extended from gage line 141 towards load point; this 


crack was beginning to open up considerably. The steel at gage line 


141 was beyond the yield point. At 38 200 pounds the beam had reach 


| the maximum load, Failure was due to tension in the steel just out- 


Side the second bend; this was closely followed by diagonal tension 


failure and crushing of concrete at the top. Beam proved very tough 


mé@inteining a load near the maximum for a long time without much 


apparent opening of cracks. 


Beam 16 B18-1. No cracks at a load of 10 200 pounds except one | 


very small one at the center. Stress on the east side higher in 


gage lines 141 and 241 than in 142 and 242. On the west side higher 


in 342 and 442 than in 341 and 441. At 20 000 pounds the stresses at 


all gage lines 41 and 42 were about the same, about 9000 to 100090 


pounds per square inch. The highest cracks were within 18 inches of 


the center and extended vertically to a height of 7 inches. At 30000 | 


pounds cracks had appeared about 10 inches from the support at each 


end; these cracks were about 8 or 9 inches high and inclined from 


60 to 75 degrees with the horizontal. At 40 000 pounds typical diag-| 
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49 
onal tension cracks developed from all the gage lines 42 and extend- 
ed to load points. At 45 500 compression failure began to appear 
just inside the north load point. The machine was stopped and crush- | 


ing had progressed for a few seconds when failure in diagonal ten- 


| sion occurred suddenly in a crack that had first appeared at 39 400 


pounds. This crack had been opening up considerably, and just pre- 


|vious to failure was the largest crack in the beam. Strain gage 


readings showed that the yield point of steel had been passed at 


gage lines 242, 2352, and 241, but at no other places. Failure was 
due to tension in the steel outside the first and second bends, 
accompanied by diagonal tension failure. 


Beam 16 B19-1. At 10 000 pounds there were very few cracks. 


| All these weretension cracks and mainly between the load points. 


| None were over 3 inches high. At 20 000 pounds the most noticeable 


Cracks were at the gage lines 32. These cracks were about 6 inches 


high and inclined at an angle of 75 degrees. At 30 000 pounds cracks 
| 


had appeared on both sides at each end within about 14 inches of the} 
supports, inclined slightly and extending to a height of about 8 in-| 
ches. All these cracks just were outside the last bend. At 40 000 
pounds cracks at the gage lines 32 were advancing and ppening. The 
stress in the steel at the gage lines 32 was comparatively low in 
cracks noted at 30 000 pounds. The steel at the center had passed 
the yield point. None of the diagonal steel was stressed beyond 

30 000 pounds per square inch. Failure at this point was due to ten-| 
sion in the steel at the center, the steel at the first bend also | 


had high stress. The load had fallen off to 37 700 pounds in a 


| little less than 15 minutes. The load points were moved one foot 
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nearer the supports and the load reapplied. At 51 000 pounds the 
steel at the gage lines 41 had passed the yield point. The load fell 
off to 47 600 pounds in 10 minutes. Upon reapdiication of the load 
the beam took the load very slowly, finally attaining a maximum at 
52 000 pounds. Failure was due to tension at the center and just at 
| the 41 gage lines. 


Beam 16 B19-2. At 10 000 pounds no cracks had appeared, At 


20 000 pounds several small tension cracks had gppeared on each side| 


of the beam. All of these cracks were within 30 inches of the center 
with the exception of one just outside gage line 141. This crack 
progressed vertically to the steel, then along the inclined bar to 
north gage hole of gage line 131. One diagonal crack 6 inches high 
was inclined at 45 degrees on the west side, and 3 feet south of 
| north Support. At 30 000 pounds a2 crack had appeared just outside 
the bend at gage line 441, extended vertically to the bar than along 
the inclined bar for 3 inches. Crack corresponding to one noted. at 
load of 20 000 pounds appeared on the opposite side of beam at the 
same end. Diagonal crack appeared at this load 6 inches from south 
support extending to south gage hole of gage line 131. Diagonal 
crack from north gage hole of 141 to within 1 inch of 132. Large 
tension crack 12 inches south of north support extending vertically 
to lower gage hole of gage line 231. At 40 000 pounds the most no- 
ticeable crack was a diagonal one extending from gage line 141 at an 
jangle of 50 degrees to within 5 inches of the top; similar crack on 
|} west side, north end. All cracks in the outer portion of the beam 
finclining more towards the load points. The steel at the center had 


passed the yield point. The load had fallen off in a short while to 
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137 200 pounds. At 41 100 pounds the maximum load was reached. Little 


further development of cracks previously noted. Failure was by ten- 


ision on steel at center. The load points were now moved one foot 


nearer the support, and theload reapplied. At 54 100 pounds the max- | 


imum load was reached. Failure eas due to tension in steel at first 


bend, followed by compression. Beam very tough holding load near max-} 


'imum for some time. 
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Beam 16 B20-1. At 10 000 pounds load no cracks were visible. At | 
20 990 pounds a number of small tension cracks had appeared scatter-| 
ed thru the central portions of the beam and ranging from 4 to 6 in- : 
ches in height. On the east side 30 inches and 56 inches respective-| 
ly south of center two diagonal tension cracks had appeared and ex-} 
tended to a height of 6 inches and 4 inches. At 28 800 pounds a diag- | 
onal tension crack suddenly appeared on the east side 42 inches aout 
of center and extended at an angle of 45 degrees to a height of 8 
inches. Another appeared on the east side at 28 800 pounds 27 inches | 
south of center, and extended to a height of 6 inches at an angle of 
about 70 degrees. At this load small diagonal tension cracks had be- 
come general. Stress in steel at this load 33 000 pounds per square| 
inch. At 31 000 pounds the maximum load was reached. Failure by diag-| 
onal tension came suddenly and without warning. 

Beam 16 B20-2. This beam apparently was mishandled in bringing 


it to the testing laboratory, for before any load was applied a 


} crack was noticed 9 inches north of the center of the beam clear a- 
| cross the top and to a depth of about 5 inches. At 10 000 pounds 
only three cracks were visible and two of these were tension cracks 


| 9 inches and 11 inches north of center respectively, which joined to 
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the crack previously noted at zero load. The crack found at zero 
load though still visible, apparently had closed somewhat. At 20 000 
ipounds, diagonal tension cracks had opened up at north end beam 
on both sides; one 24 inches north of center and extending at an 
langle of 60 degrees with the horizontal to within 4 inches of the 
itop, and one at 36 inches north of center extending at an angle of 
70 degrees clear to the top. At 25 000 pounds the cracks were not 
extended. At 29 600 pounds the maximum load was reached. There was 
no sign of approaching failure. The failure was due to diagonal ten- | 
sion, and was closely followed by stripping along bars. The crack 

| causing failure extended diagonally from the north load yoint to 2 
feet south of north support. Stripping was continuous to the support 

19. Discussion of Results: The highest load carried by any 
beam in which no bars were bent up was less than the lowest load car 
ried by any beam having bars bent up for web reinforcement. For the 
beams with no bars bent up,failure was by diagonal tension in all 
cases. For the beams having bars bent up,failure was by tension in 
| the steel in all cases with the possible exception of Beam 16 B3-1 
and Beam 16 B3-2 in which slipping of some of the bent up bars at 
their ends played an important part. 

Reference to the summary of tests, Table X shows that in all 
the beams with inclined bars, regardless of the manner of bending ipl 
angle of bends, spacing of the points of bending, or anchorage, the 
maximum shearing unit-stress developed varied only from 272 to 362 


| 1b. per sq.in. when the loads were 18 in. apart and 358 to 445 lb. 


|per sq.in. when the loads were 3 ft. 6 in. apart. Thigresult would 


follow from the fact that failure was by tension in all these beams. | 
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44 
However, the distribution of stress varied slightly, bars in certain 


locations taking stress somewhat faster than those in others, and it 
is from a standpoint of stress in the inclined reinforcement rather 
than from one of the maximum shearing unit-stress developed, that the 
results of these tests will have to be discussed. 

(a) Beams with Straight Bars not anchored:- The beams with 


istraight bars and no U-hooks were first tested on a 9-ft. 6-in. span 


| 
| 
| 
leith two equal loads each 9 in. from the center and 4 ft. from the endj 
jLater a test was made on beam 16 B20-1 on a 6-ft. span with loads at 
Hthe one-third points. In this case the loads were 24 in. from the sup- 


orts, half as great distance between load and support as in the firs 


q 


test of the same beam. Failure was by diagonal tension in both cases. 


he shearing unit-stress developed was 248 lb. per sq.in. in the firs 


test and 348 1b. per sq. in. in the second test, an increase of 40%. 


udging from previous tests of beams 6 ft. long loaded at the one- 


third points of the span a shearing strength of possibly 225 lb. per 


hSG.in. would be expected from beams with so large a percentage of re- 


t 


linforcement. The fact that in the second test of beam 16 B20-1 the 
| 
Wshearing strength was 55% greater than this indicates that the concret 
| 

| 
peas of a better quality than usual. The high strength of the concrete | 


probably is largely responsible for failure of so many of the beams 


by tension in the steel instead of by diagonal tension. 


(b) Beams with U-Hooks and no Bars Bent Up: Of the beams having 
having 
the same area of longitudinal reinforcement those straight bars car- 


ried nearly the same loads as those with U-hooks and no bars bent up. 


In the beams with U-hooks the hooks were just coming into action at 


the maximum load, indicating that the deformation along the bars was 


ecient to allow diagonal tension failure to occur without the 
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45 | 
hooks becoming effective. Beam 16 B2-1 which had 27% less reinforce- | 


iment than 16 Bi-1 and -2 carried 13% less load than the average for 


Although none of these beams failed by tension in the steel thosd 


with the smaller amount of reinforcement carried the smaller load in- | 

Pane tos that the load at which diagonal tension failure occurs is a : 

| function of the deformation along the reinforcement. 

| (c) Effect of Angle of Bend upon location of Maximum Stress in 

| tnctinea Members: Bere ei aae and 16 B13 were made with the inten- 

| tion of studying the effect of angle of pend upon the web resistance 

ot the beam. The same amount of reinforcement, 2, ain. square bars ,) 

{was bent up at each point; unfortunately a 7-in. round bar was used 

Jin the beams of the 16 B13 graup for the ea bar, while in beams 11 

bana 12 the rod running straight thru was 5 in. square. Table VII will 

= to show a comparison of the stress ae eee in the inclined | 

{exbers of the different beams. 

| TABLE VII <7 

| STRESSES IN HORIZONTAL PORTIONS NEAR BEND AND IN VERTICAL PORTIONS 

OF INCLINED BARS AT LOAD OF 30 000 POUNDS. 

ae Angle of obtress at Stress at Percentage Excess 

Bend Second Bend First Bend Second Bend over 


Number Degrees Horizon- Inclin- Horizon- Inclin- First. Horizontal 
tal ed tal ed 


1i6 Bit-1 28 29 400 23 100 25 800 10 500 ie 
16 Bi2-1 35 26 700 18 300 24 300 9 600 10 
Pes i. | 45 25 700 13500 19 500 10 100 32 


16 Bi3z-2 45 22 500 15 900 5 400 41 


From the foregoing table it is evident that highest stress, ex- 
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feent between the load points, occurred at the bottom of the second 
bend from the center of the span. This proved true regardless of the 
angle of bending up. For the given load the percentage excess of the 
stress in the second bend over that in the first was more for the 28 
jdegree angle, than the 35 degree angle but less than that for 
jdegree angle. This may be affected somewhat by the additional amount 
pot steel running straight thru in the beams with the 45 degree angle 
lor bend. It may also be affected by the fact that the first bend was 
jalways in a bar of the upper layer and that the second bend was al- 
hways in a bar of the lower layer. 

A comparison of values given in Table VUlindicates that the stresd 
in the inclined portion of the bars was in all cases less than the : 
stress in the horizontal portion of the same bars near the bend. The 
| aifference between the stress in the inclined portion and the horicout 
tal portion was greater, the greater the angle with the horizontal. 
|Table VII also indicates that the stress in the inclined portion of thq 
} bars, at the second bend was greater in each case than the stress at 
ithe inclined portion of the first bend, the bend nearest the load ! 
J point. This was true whether the measured stress at the first bend Wag 
close to the bottom of the beam or at about mid-height on the beam. 

This examination seems to justify the conclusion that greater 
stress reduction occurs at the hend when the angle of bend in the bar 
is large, than when the angle of bend is small. The difference be- 
tween the rate at which the bars took stress at low loads and at high] 
loads, near the bends, was greater for the large angles of bend than 
for the small angles; that is, the stress-strain curve for the flat - 
ter angles of bend has nearly a constant slope while those for the 


larger angles have considerable curvature. 
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(d) Effect of the Number of Bars Bent Up at a Given Point: 

beam 16 B4-1 and 16 B5-1 two tenths of the total area of the rein- 
forcement was bent up at each of four places. The points of bending 
were the same in the two cases, but in beam 16 B4-1 two bars(3-in. 
round) were bent up at each place while in 16 B5-1 only one bar (7-in. 
round) of the same area as the two 5 in.rounds was bent up at ae 

lace. The test data permit none i of stresses when one bar is 

ent up with the stresses when two bars of the same total area are 

ent up. Beams 16 Bi3 and 16 B14-1 admit of similar comparison. 
Table Villgives this comparison. It will be seen that in the case of 
Hbeams 16 B4-1 and 16 B5-1 h&esher stresses were developed when only 
Hone bar was bent up than when two bars of the same total cross-section 
jal area were bent up at corresponding places. This seems rather unex- | 
_ppectea: tor with the smaller bars the reinforcement is better distribu 
jted thru the web. However, the results of the comparison of beams 
y 16 Bi3 and 16 B14 contradict the results . indicated by beams 
116 B4-1 and 16 B5-1 and within the range of the tests then it may be 


| 


4concluded that there is little difference in the effectiveness of pent 


| 
Lup bars whether one bar or two bars of the same, cross-sectional area 


Jare bent up at a given place. 

(e) Stresses in Bars at Top of Beam: Deformations measured in 
the horizontal portion of the bent up bars at the top of the beam in- } 
Hdieate that little tension was carried thru from the bottom of the | 
beam to that point. For the bars bent up near the load points consid- 
erable compression was developed in the horizontal portion at the top 
of the beam. For bars bent up near the supports very little stress, 
either tension or compression, was taken at the early stagesof the 


test. 


eel ae . 


hy | i rr 
P Al <itrilel sev he te a wien areel sors 


“loy ott ‘ho aon Deter ‘am te aed turd tay 


lo Bonbaqg ett? .aeoslia vot Bo deen ge a 
jacod ow? '+)4 6! oped nt Que" /cegs3 aug San me 
i ay 4 , 
nal. J ado ying tc Of it ola eenhiq Roeser Jae 


ed caw Lbiwot int S aRe 6d se een ona 


eLabise 5 nes dagen ® oii req ata te 


| s [stot osap ody £6 ecad new boneeR Sen 
| ‘ rs “ An ¥ Lok 4 GAd - « J t a ! ba eeey tia ans a 
d, 7 Z On I 


7 


: 


- 
r 


nt tari’ . | tw 2f. . noedteanes tel: aa + 


cw me bs eb edn eo, LRG He i 


8 Oh f rad) 6nd ede Paris fy ae 
| “a ™s Shit SCONE ope Angee O97 72 Ob Si 
; | ies ois <n . a 


7 
a 
0 
? 
y 
£ 
9 
~~ 
= 
& 
J 


io neahveqn sich We [ueet std 4.soyeRor ‘sown 


von. priJ Loe utnas, oe ty 


: $ - : - * hy at ‘ 1 
i) a iO foo ,(tav < pee At OV Hr ' 4 ala oY. 


ye 
; 


‘4 t~ ‘ - : =. a ‘ a h « 
eS ar ere id 410): Dice eile VT Prk B a (rots ig. ia 
7 4 


sly sev) 208 ae 


| 
} 
i 
4 
LJ O@e- Barto ana ott lo gad owt soitned eho vee ify 
| ‘mael. tb wot gateant we bi 
My ple rid ro i Jo ptel qu. taed ed To. halt oq ck 
t Ye ; it Lotl viuid Detigead epw polanedg aris 
a: JAeG S1Ad ont ied ntoad 
“VOLitTes eit al beqoleve ane Toluene 
ya?) 
- y= 


je eft?2 ov adtog vit wel qu Ured atec sot 


. aie TO wane cltso ed Ja jeclehomee Dicdabee c's 7 © 40 ohare 


* + Wee 


=> 6, 


7) ie eS _— 6s 


TABLE VIII 


EFFECT ON STRESS OF NUMBER OF BARS BENT UP AT THE SAME POINT 
Beam Number Gage Lines Average Stress — Location 
16 B4-1 342 26 200 | Second 


442 
Bend 


B5-1 143 . 
2435 3 ‘ Horizontal 


B4-1 241 Third 
141 
Bend 
B5-1 342 
442 Horizontal 


B4-} 531 Fourth 
431 
Bend 
B5-1 141 
231 Horizontal 


Bi3-1 143 First 
243 
B45 
445 Bend 


142. 
242 Horizontal 


142 ; second 

242 

342 

442 Bend 
Horizontal 


Second 


Bend 


B14-1 
12 000 Inclined 


The loads considered in this table were: 
Beams 16 B4-1 and 16 B5-i1, 49 000 lb. 


Beams 16 B13-1 and 16 Bi4-1, 30 000 lb. 
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At the higher loads the direction of the load deformation curve 
frequently was reversed, indicating that slip was taking place at one 
of the gage holes. There is no indication,however, that the amount of | 

lioaa carried was in any case affected by this slip. In beams 16 B3-1 
and -2 no hooks were furnished the inclined bars, and the slip at 
Htheir ends seems to have hastened failure. In both these beams it 

| seemed that the bars near the ends were the ones most affected. 

(f) Effect of Amount of Steel Bent Up on Stress Developed: In 
| beans 16 B5, 16 B6, 16 B7, and 16 B8 one bar was bent up at each of 
ffour points, 9.6 in. apart, the first point being 9.6 in. from the 

load point. The size of the bars was varied, the proportion of the tog 


#tal amount of reinforcement bent up at each point varied as indicated | 


varying the proportion of the total amount of reinforcement bent up. 
As has been pointed out elsewhere the stress in the inclined portion 
Of the bars was in all cases less than the stress in the horizontal 
portion near the bend. Although the stress in the horizontal portion 
of the bar near the bend passed the yield point of the steel in a 
number of cases in these four beams, there was only one gage line on 
the inclined portion of a bar in which the stress reached the yield 
point. 

(jouclusion: From the results of these tests it seems proba- 

ble that for. a simple beam designed for uniform load all the web 
stresses which can be developed before tension failure in the longi- 
tudinal steel takes place may be resisted by bent up bars provided 


that the bars are small enough to permit of a sufficient number of 
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TABLE IX 


EFFECT OF AMOUNT OF STEEL BENT UP ON STRESS DEVELOPED AT 
LOAD OF 30 000 POUNDS 


Portion of First Bend Second Bend Third Bend Fourth Bendj 
Area Bent Gage Stress Gage Stress Gage Stress 

up at Line Line Line 
Hach Point 


0.2 444 000 500 442 099 
344 000 000 342 900 
000 200 000 


434 500 13 000 «432 000 
334 000 233 900 332 900 
200 500 000 


442 009 S 000 441 000 
342 26 000 500 341 000 
5 500 800 000 


000 a 3 OOO 451 000 


ROI WO 


1 
Hinclined 000 52 Qo 000 5A 2 000 


: 000 900 900 
900 000 441 000 


000 é 000 341 000 
000 500 500 


ee 


fh Po POU 


000 
000 
509 


000 431 000 
000 = 531 500 
009 750 


=— 


Oo—-O NON Ow 


8B 000 
090 
3 OOO 


500 441 Q00 
009 341 000 
750 000 


000 
000 
500 


000 431 Q O00 
000 55 000 
500 500 


_— 


Note: In column headed Beam Number, "“Horizontal"indicates a pos- 
ition on horizontal portion of bar near bend, and "Inclined" indicatd 


&@ position of the bent up portion of the bar. 
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bends and provided that all bars are adequately anchored. For most 
cases it seems likely that these results can be obtained with from 3 
to 6 bars in the bean. 
The possibility is recognized that for a poorer concrete a diff- 
jerent result might have been obtained. : 
20. Summary: 


vt) The beam tests and cylinder tests showed that the concrete 


used was exceptionally good. This probably accounts for the few diag- | 
Jonal tension failures. | 
H (2) All the beams with the bars bent up and anchored carried a 
higher load than any beam in which the bars were not bent up. : 
(3) The shearing iscngih ans Sore deans greater when the dis- | 
tance between the load-point and the support was 2,4 times the depen 
‘than when tested with the load-point 4.8 times the depth from the 
support. 
(4) In beams with U-hooks but with no bars bent up the anchorage 
was just beginning to come into effect at the maximum load. 

(5) In beams with bars bent up at three points the middle bend 
took the most stress regardless of the angie of bend. However, the 
Gack that the middle bend was from the lower layer probably influenced 
this result. 

(6) _ In no case did the stress in the inclined portion of the ben 
up bar exceed that in the horizontal portion of the same har at the 
foot of the bend. 

(7) The reduction in stress along the bends of the reinforcing 


bars was greater the larger the angle of bend. 


(8) | The stress in the inclined bar was not appreciably different 
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5a 
whether two bars or one were bent up at a given point, provided that 
fthe same proportion of the horizontal reinforcement was bent up in 
both cases. 
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of a bar from the bottom of the beam to the top, and there is no in- 


/dication that in any of the hooked bars the anchorage was not thor- 


oughly effective, although slight local slipping evidently was present 


(10) The stresses in the bent up bars seemed to be independent of 


mp at each point. 
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